A ntibodies protect against lethal infection by bacteria or nonenveloped viruses such as adenovirus (1) . They are secreted by plasma cells at the rate of thousands of molecules per second, and it has long been assumed that they function exclusively in the extracellular milieu. The recent discovery of a cytoplasmic process called antibody-dependent intracellular neutralization (ADIN) put an end to this dogma: virion-associated antibodies that fail to prevent virus entry into susceptible target cells have a second chance to block infection from within the target cell cytoplasm (2) . In PNAS, Hauler et al. (3) generate a din of excitement by showing that the host AAA ATPase valosincontaining protein (VCP) cooperates with the E3 ubiquitin ligase tripartite motifcontaining protein 21 (TRIM21) to dismantle the antibody-coated virion, thus permitting the proteasome access to the building block proteins of the virion capsid.
Generally, neutralizing antibodies are believed to block interaction of the virion with cognate cell surface receptors on susceptible target cells. This straightforward model has served well to guide basic immunology researchers as well as those developing prophylactic antiviral vaccination strategies. However, this model is not sufficient to explain a number of puzzling observations in the literature. In some cases, for example, antibodies block infection after virus is adsorbed to target cells (4) . Despite the presence of multiple, functional binding sites for the cognate receptor on the surface of nonenveloped virion capsids a single antibody molecule per virion is sometimes sufficient to neutralize infectivity (5); this is inconsistent with the simple receptor blockade model. The IgG Fc is sometimes required for virus neutralization by antibody (6), lending further evidence that simple antigen recognition is not sufficient. The efficiency of virus neutralization by antibody is influenced by IFN, suggesting that unknown, innate immune cofactors are required for neutralization (7) .
Perhaps the most enigmatic observation concerning neutralization of virus by antibody came from studies on TRIM21. This cytoplasmic host factor was isolated as an autoantigen using sera from patients with systemic lupus erythematosis and related disorders (8, 9) . TRIM21 was later found to bind nonspecifically to IgG Fc in the yeast two-hybrid system (10). It was viewed as highly unlikely that this protein-protein interaction was physiologically relevant because TRIM21 could not have access to extracellular Ig. However, TRIM21 was then shown to have a binding affinity for IgG Fc as strong as that of any human Fc receptor (11) . How could such a strong interaction be just an artifact?
An extraordinary series of TRIM21 experiments recently shed light on these unexplained observations. It was shown that, when adenovirus enters a susceptible target cell after incubation with antisera, the bound antibody is brought into the cell cytoplasm with the virion (2). TRIM21 was recruited to the antibody-coated virion in the cytoplasm, virion coat protein was degraded, and adenovirus infectivity was inhibited (Fig. 1) . TRIM21 is a really interesting new gene (RING) E3 ubiquitin ligase that covalently attaches itself to K48-linked ubiquitin chains. The TRIM21 RING domain was required for ADIN, as was the proteasome (2). ADIN was blocked by a point mutation in the Fc domain of the antibody that disrupts interaction with TRIM21 (2).
Most of the observations mentioned above that were incompatible with the simple model for antibody neutralization can now be accounted for by ADIN, hinting that ADIN plays a role in normal physiology. Type 1 IFN increased TRIM21 protein levels, and this would explain how IFN directs more potent neutralization of virus by antibody (2) . When TRIM21 levels were low in the target cell, even saturating concentrations of antibody failed to block adenovirus infection (2) . Conversely, high levels of TRIM21 permitted neutralization in the presence of fewer than two antibody molecules per virion (12) . Ultimately, it will be important to determine whether TRIM21, like Bruton's tyrosine kinase or antibodies themselves (1), is essential for an animal to survive a challenge with adenovirus.
The PNAS article by Hauler et al. (3) takes the TRIM21 story further by addressing the question of how a substrate as large as a virion could be degraded by the proteasome. The proteasome is 15 nM long, with a chamber less than 5 nM across. Adenovirus cores measure approximately 100 nM, much larger than known cellular substrates for proteasomes. The article shows that the AAA (ATPase associated with diverse cellular activities) VCP is required for ADIN. VCP forms a 16-nM hexameric ring, lacks protease 3), the ATPase VCP is also required, presumably to disassemble the capsid into "bite-size" pieces for the proteasome. Adenovirus is a nonenveloped virus. An analogous degradation pathway has been described for the enveloped virus, HIV-1 (blue conical capsid). Upon fusion of the HIV-1 virion membrane with a susceptible target cell, the capsid core is intercepted in the cytoplasm by the E3 ubiquitin ligase TRIM5. With assistance from p62/SQSTM1 (20) , the capsid is degraded in a proteasome-dependent fashion. activity, associates with polyubiquitin chains, and dissociates proteins from large cellular structures (13) . Interestingly, VCP was not required for TRIM21-dependent degradation of transfected IgG Fc, although this protein was degraded by the proteasome. In other words, VCP is not required for TRIM21-dependent proteasome degradation of all substrates, only very large, multiprotein structures.
The authors did not detect ubiquitination of viral capsid or the associated Ig using purified components in vitro (3) . Perhaps ubiquitination of these proteins only occurs within cells where these intermediates are too transient to be detected. Alternatively, TRIM21 autoubiquitination might be sufficient for delivery of the substrate to the proteasome. Another open question is how VCP is recruited to the adenovirusIgG-TRIM21 complex. Does VCP bind directly to TRIM21, or does it bind to the ubiquitin molecules conjugated to TRIM21? Does VCP recruitment require ubiquitin-binding cofactors (13)? Additionally, it remains to be determined whether VCP brings the adenovirus-IgG-TRIM21 complex to the proteasome or whether VCP promotes disassembly of the capsid so that smaller subunits are accessible to proteasome-mediated degradation.
TRIM21 is one of ∼100 tripartite motif genes in the mammalian genome (14) . Many of these RING finger E3 ubiquitin ligases have antiviral activity and play roles VCP is not required for TRIM21-dependent proteasome degradation of all substrates, only very large, multiprotein structures.
in innate immunity (15) . One of the best studied of these proteins is TRIM5, a restriction factor for HIV-1 and other retroviruses (16) (17) (18) . Many parallels exist between TRIM21 and TRIM5. Both associate with viral capsids in the cytoplasm. In the case of TRIM5, the C-terminal PRYSPRY domain binds directly to the capsid as a multimer, forming a lattice that is complementary to the capsid lattice (19) . In the case of TRIM21, the PRYSPRY domain binds the IgG that is associated with the capsid. Both proteins inhibit infectivity in a process that involves proteasomes and autoubiquitination with K48-linked ubiquitin chains. In both cases, recruitment to the proteasome requires a ubiquitin-binding, disassembly facilitator, VCP for TRIM21 (3) and p62/sequestosome-1/SQSTM1 for TRIM5 (20) . Interestingly, mutations in either of these adaptor proteins are associated with neurogenerative diseases like frontotemporal dementia (21, 22) . In addition to acting as a capsid-specific restriction factor, TRIM5 is a pattern recognition receptor that activates innate immune signaling in response to the retroviral capsid lattice (23) . It does so by synthesizing unattached K63-linked ubiquitin chains that activate TGF-betaactivated kinase 1 (TAK1, also known as MAP3K7). This activity is activated by TRIM5 multimerization on the capsid lattice. Purified TRIM21 can synthesize similar chains in vitro (23) , so it seems likely that TRIM21 will also activate TAK1-dependent signaling upon association with antibody-coated adenovirus. This would serve to limit infection further by the induction of antiviral cytokines-perhaps including type 1 IFN-that directly inhibit viral replication and alert other components of the acquired immune to the presence of a lethal invader.
